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Abstract

:

Twelve healthy male college-age students were recruited to investigate the effects of different noise exposure conditions on complex task performance and vigilance. During each noise exposure, the Multi-Attribute Task Battery (MATB) with low, medium, and high mental workloads were conducted in the order designated by the Latin square method. Meanwhile, a psychomotor vigilance test (PVT) was used to evaluate human vigilance. Heart rate variability (HRV) signals were also collected while participants performed the tasks. The generalized additive mixed-effect model (GAMM) results showed that the increased mental workload had an inverted U-shaped effect on MATB task performance. Noise exposure had no significant impact on the overall performance of MATB tasks. However, when exposed to increased noise sharpness at low mental workloads, Tracking Task (TRA) performance significantly decreased, whereas the System Monitoring Task (SYS) performance was significantly improved. In addition, higher noise sound pressure level and sharpness would impair human vigilance, which was reflected in a lower mean sample entropy of HRV and worse performance on the PVT. The results indicated that noise control in the workplace should consider both sound pressure level and sharpness.
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1. Introduction


Noise that is irrelevant to a task poses a risk to the working efficiency, safety, and personal health of operators [1]. Especially in a closed cabin environment, when operators are exposed to noisy environments for a long time, adverse reactions may occur to the cardiovascular system, nervous system, etc., and even increase the probability of operators suffering from diabetes and hypertension [2,3,4]. Most research has indicated that exposure to a harsh noise environment will interfere with an operator’s task performance. For example, Ke et al. [5] recruited 27 subjects to compare the impact of six noise exposure conditions on the task performance of operators. The results showed that there was a negative correlation between the task performance (accuracy and response time) of participants and noise exposure. Monteiro et al. [6] investigated the effects of three kinds of noise conditions on attention and short-term memory. The results showed that performance in an environment with alarm sounds was low; that is, there was a high number of errors high and long response times. In addition, Monteiro et al. [7] also evaluated the cognitive ability of 84 naval personnel exposed to noise. The test results showed that compared with personnel exposed to <72.6 dB(A), when the noise sound pressure level was >85.2 dB(A), the task performance of operators was significantly reduced. However, in other research reports, noise was shown to stimulate participant attention, improve vigilance and task participation, and improve task performance [8]. Moreover, relevant studies have found that the impact of noise on task performance could be related to task difficulty [9,10,11].



Noise exposure may also affect human vigilance. Some scholars believed that when operators worked for a long time, they would become sleepy and inefficient, and that the addition of noise could improve the vigilance of operators [12]. However, Button et al. [13] indicated that response times to alertness tasks exposed to 95 dB(A) of noise was significantly longer than those exposed to 53 dB(A) of noise. The test results of Smith [14] also showed that noise reduced the cognitive vigilance of operators. The psychomotor vigilance task (PVT) and Karolinska sleepiness scale (KSS) have been widely used to measure human vigilance performance. In addition, relevant literature has confirmed the consistency between the sample entropy (SampEn) of heart rate variability (HRV) and participant vigilance [15,16]. SampEn was proposed by Richman and Moorman [17], which has been shown to be an improved method for measuring the complexity of physiological time-series signals based on approximate entropy [18].



Although there have been many studies on the effects of sound pressure level on task performance and vigilance, few studies have been conducted on the effects of other noise parameters, such as sharpness. The SampEn of HRV signals has also been less commonly used to assess noise effects on human vigilance from a physiological perspective. To address these issues, we used the Multi-Attribute Task Battery (MATB) with multiple workload levels and PVT to investigate the effects of sound pressure level and noise sharpness on task performance and human vigilance. The sample entropy of recorded HRV signals was further calculated to physiologically assess vigilance.




2. Materials and Methods


2.1. Study Design


Twelve male students with science and engineering backgrounds were recruited for this experiment. All of them passed the personality psychological test and signed the informed consent forms. The mean age of the participants was 23.250 ± 2.314 years, and their mean body mass index (BMI) was 22.57 ± 1.95 Kg/m2. The subjects were healthy, right-handed, with normal or corrected vision, normal hearing, and normal electrocardiograph results (ECG). Before the experiments, participants received sufficient training on the tasks. The subjects had adequate sleep and a good mental state, abstaining from drinking any stimulant substances such as caffeine and alcohol and did not take any drugs before and during the experiments. All participants completed the tests without dropping out, and accepted financial compensation after the experiments.



The twelve subjects were divided into three groups: there were four subjects in each group. Each subject was exposed to one noise condition every day and completed all test assignments at the same time for three consecutive days. The three noise exposure sequences were counterbalanced. In addition, the MATB task with three different mental workload levels was also counterbalanced by traversing all possible sequences at three noise conditions. The research protocol has been approved by the Institute Review Board (IRB) of Beihang University.




2.2. Experimentation


2.2.1. MATB Task


The Multi-Attribute Task Battery (MATB) was adopted as the experimental task for this research [19]. Three components of the MATB were utilized: the Tracking Task (TRA), System Monitoring Task (SYS), and Resource Management Task (RES) [20], as shown in Figure 1. Table 1 describes the operation steps of each subtask [21].



In this research, each subtask set the trigger number to 2, 12, and 36 at low mental workload (LMW), medium mental workload (MMW), and high mental workload (HMW), respectively, every 12 min. The MATB tasks with LMW, MMW, and HMW were separately carried out in the order designed by the Latin square method at each noise exposure. The subtask performance of accuracy and response time were automatically recorded by the computer. The ratio of accuracy to average response time (Equation (1)) was used to evaluate the weighted MATB task performance for each subject.


  W e i g h t e d   t a s k   p e r f o r m a n c e  =  A v e r a g e (   A C  C i    R  T i    ) ,   i  =  1 , 2 , 3  



(1)




where   W e i g h t e d   t a s k   p e r f o r m a n c e   is the ratio of accuracy to the average response time of the MATB task; ACCi and RTi are the accuracy and response times of subtask i for each subject, respectively; and the corresponding subtasks are SYS, TRA, and RES with subscript i as 1, 2, and 3, respectively.




2.2.2. NASA-TLX Scale


NASA-Task Load Index (TLX) was developed by Hart and Staveland [22], which includes six dimensions: mental demand, physical demand, temporal demand, performance, effort, and frustration [23]. NASA-TLX consists of two stages: one is the scoring stage, which aims to separately evaluate the six subscales, and the other is the weighting stage, where the weight of each factor is determined by comparing the importance of six factors in pairs. The weight of each factor is multiplied by the scale score of each factor, and finally added up to calculate the overall index of overall mental workload (see Equation (2)).


  O v e r a l l   M e n t a l   W o r k l o a d   S c o r e =   ∑   i = 1  6  S c a l  e i  × W e i g h  t i   



(2)




where Overall Mental Workload Score is the index of NASA-TLX; Scalei represents the scale scores of factor i; Weighti are the weight scores of factor i; and the corresponding factors include mental demand, physical demand, temporal demand, performance, effort, and frustration level with subscript i as 1–6, respectively. Higher scores mean a higher mental workload.




2.2.3. SampEn of HRV


A Bio-Radio wireless physiological monitor was used to collect ECG data of each participant at a sampling rate of 250 Hz. The HRV signals were obtained based on the QRS waves of the ECG signal extracted by the BioCapture physiological monitoring system. In this study, SampEn was used to assess the complexity of HRV (cardiovascular dynamics), which was calculated as follows [24]:



Given N data points from a time series    {  x  ( n )   }  = x  ( 1 )  , x  ( 2 )  , … , x  ( N )   , the m vectors    X m   ( 1 )  ,  X m   ( 2 )  , … ,  X m   (  N − m + 1  )    were reconstructed to be    X m   ( i )  =  [  x  ( i )  , x  (  i + 1  )  , … , x  (  i + m − 1  )   ]   , for    (  1 ≤ i ≤ N − m + 1  )   .




	(1)

	
The vector distance   d  [   X m   ( i )  ,  X m   ( j )   ]    between vector    X m   ( i )    and vector    X m   ( j )    was defined as the maximum absolute difference between their corresponding elements (Equation (3))


  d  [   X m   ( i )  ,  X m   ( j )   ]  =   m a x   k = 0 , 1 , … , m − 1    (   |  x  (  i + k  )  − x  (  j + k  )   |   )   



(3)








	(2)

	
Given a similar capacity r (r > 0), the number of j satisfying the formula (Equations (4) and (5)) was counted and denoted as Bi.


   d  [   X m   ( i )  ,  X m   ( j )   ]  ≤ r      (  1 ≤ j ≤ N − m , j ≠ i  )    



(4)







Then, for   1 ≤ i ≤ N − m  ,


   B i m   ( r )  =    B i    N − m − 1    



(5)








	(3)

	
   B i m   ( r )    of the average value of i, was represented as    B m   ( r )    (see Equation (6)).


   B m   ( r )  =     ∑   i = 1   N − m    B i m   ( r )    N − m    



(6)








	(4)

	
Another m + 1 vectors were constructed with above steps to obtain    B  m + 1    ( r )   . Then, the SampEn could be estimated as:


  S a m p E n  (  m , r , N  )  = l n    B m   ( r )     B  m + 1    ( r )     



(7)














2.2.4. PVT


PVT metrics have been shown to be significantly correlated with vigilance [15,25]. To investigate whether noise quality affects the vigilance of participants, PVT was performed on the participants under three noise conditions. The stimulus was presented on the center screen. Participants immediately pressed the “J” button in response when the center screen changed from “+” to an increased figure. If the subject responded correctly, the number would stop increasing and change to a “+” to proceed to the next trial. In this study, four PVT performance metrics were calculated to explore the impact of different noise exposure conditions on objectively measured human alertness, as shown in Table 2.





2.3. Experimental Set-Up


Figure 2 shows the experimental set-up of noise play and measurement. A sound level meter (AWA5636, Aihua Instruments Co., Hangzhou, China) was placed near the left ear of the subject to perform real-time measurement of the sound pressure level. The sound level meter was calibrated once a day by the sound calibrator (HS6020), with a measurement range of 40–130 dB(A) and a measurement accuracy of ±1.0 dB(A). The system consisted of a sound pressure sensor (INV9206, COINV, Beijing, China), USB collection instrument (INV3018CT, COINV, Beijing, China), and sound measurement software (DASP-V10, COINV, COINV, Beijing, China).



This study focused on both sound pressure level and noise sharpness. An equivalent A-weighted sound pressure level (LAeq) in dB(A) is typically used to represent the energy-averaged sound level over some time as measured by a sound pressure level meter. Noise sharpness (acum) is used to measure the high-frequency content of sound, which can reflect the subjective feeling of individuals on the roughness of sound [26]. The sharpness of the sound signal is closely related to the proportion of high-frequency components. The higher the proportion of high-frequency components, the higher the sharpness, and the stronger the subjective feeling of roughness. During the experiment, the outliers of all segments were eliminated with three times the standard deviation, and the mean value and standard deviation were further calculated to obtain the original sound quality parameter (N85-S1). Hu et al. [27] set the allowable safe noise level in the submarine cabin to be less than 80 dB(A) during navigation. Therefore, the second noise exposure condition was N80-S1. Next, the noise sound pressure level was further reduced to 75 dB(A) and the noise sharpness was increased to obtain the third noise exposure condition of N75-S2. The objective noise parameters of the three exposure conditions are shown in Table 3.



A comprehensive indoor environment quality tester (MI6401, METREL, Eckental, Germany) was used to measure indoor thermal environment parameters (Table 3). It was assumed that the metabolic rate of the human body was 90 W/m2 [28] and the thermal resistance of clothing was 0.9 [29]. The predicted mean vote (PMV) during the experiment was estimated to be between −0.117 and 0.375, which indicated that the subjects performed tasks in a thermally neutral state.




2.4. Experimental Procedure


The experiment was conducted in November 2020. Before the formal test, subjects were provided with experimental training on the experimental process, with guidance on filling out the subjective questionnaire, test exercises, and explanation of the consent form. During the formal experiment, the subjects completed four experimental tests under each noise exposure condition (Figure 3). (1) Acoustic and Thermal Adaption (40 min): The experimenter played the specified sound file and began to record the sound signal in the left ear of the subject until the end of the experiment. At the same time, the experimenter measured the environmental parameters in the working area of the subjects. For the rest of the experiment, the participants wore EEG and ECG measuring equipment. (2) Cognitive Test 1 (25 min): Under the guidance of the experimenter, the subjects completed the PVT test, 2-BACK test, and Stroop test, in turn, with a 5 min rest after each test. (3) MATB Test (75 min): Before carrying out the MATB test, the subjects first carried out a resting test for about 5 min. After that, the subjects completed calibration of the eye movement equipment under the guidance of the principal investigator. Finally, the subjects completed the MATB tasks under three mental workload levels according to the preset task load order. At the end of each MATB test, the subjects completed the NASA-TLX scale, and then took a 5 min rest. (4) The focus of this study was MATB task and vigilance performance. Therefore, the data from Cognitive Test 2 (50 min) is not analyzed in this manuscript.




2.5. Statistical Analysis


Generalized additive mixed effect model (GAMM) analyses were performed using the open-source statistical package R, version 3.6.1 (R Project for Statistical Computing, Vienna, Austria), to test the fixed effects estimates of potential influencing factors on human task performance and vigilance, treating the subject as a random effect. The parameters analyzed in this study included the overall mental workload score of NASA-TLX, weighted task performance (overall performance, SYS performance, TRA performance, and RES performance), mean SampEn of HRV, and PVT metrics (performance, response time, fastest 10% response time, and slowest 10% response time). Among them, the GAMMs of the parameters such as subjective mental workload, task performance, and mean SampEn of HRV are shown in Equations (8) and (9), whereas the GAMMs of task performance under different mental workload and PVT performance are shown in Equations (10) and (11). Differences were considered statistically significant when p < 0.05.


  y =  β 1  +  β 2   (  N 85 - S 1  )  +  β 3   (  N 80 - S 1  )  +  β 4   (  L M W  )  +  β 5   (  M M W  )  + b + e  



(8)






  y =  β 1 ∗  +  β 2 ∗   (  N 85 - S 1  )  +  (  −  β 3   (  N 75 - S 2  )   )  +  β 4 ∗   (  L M W  )  +  (  −  β 5   (  H M W  )   )  +  b ∗  +  e ∗   



(9)






   y 1  =  β 1  +  β 2   (  N 85 - S 1  )  +  β 3   (  N 80 - S 1  )  + b + e  



(10)






   y 1  =  β 1 ∗  +  β 2 ∗   (  N 85 - S 1  )  +  (  −  β 3   (  N 75 - S 2  )   )  +  b ∗  +  e ∗   



(11)




where y is the index of subjective mental workload, task performance, and mean SampEn of HRV, including overall mental workload score of NASA-TLX, overall performance, SYS performance, TRA performance, RES performance, and mean SampEn of HRV; y1 is the index of task performance and PVT performance, including overall performance, SYS performance, TRA performance, RES performance, PVT performance, PVT response time, PVT fastest 10% response time, and PVT slowest 10% response time; β1 and    β 1 ∗    are the fixed intercepts; β2 and β3 are the fixed effects of N85-S1 and N80-S1 compared with N75-S2, respectively;    β 2 ∗    is the fixed effects of comparison between N85-S1 and N80-S1; β4 and β5 are the fixed effects of LMW and MMW compared with HMW, respectively;    β 4 ∗    is the fixed effects of comparison between LMW and MMW; b and b* are the random effects of the intercept for subjects; and e and e* are the residuals.





3. Results


3.1. Effects of Noise Parameters


Figure 4 shows the NASA-TLX scale scores, MATB task performance, and mean SampEn of HRV under different noise conditions. As shown in Figure 4a, the results of the NASA-TLX subjective scale showed that different sound pressure levels and sharpness had no significant effect on the subjective mental workload of participants. However, the overall mental workload score of NASA-TLX was relatively high under N75-S2 and relatively low under N80-S1.



Although there was no significant difference in the overall performance of MATB under different noise conditions, the overall performance of MATB under N75-S2 was relatively lower (Figure 4b). Figure 4c–e shows the performance of the three subtasks, SYS, TRA, and RES of MATB, respectively. Among them, only TRA performance significantly changed with different noise conditions. TRA performance under N75-S2 was significantly lower than that under N85-S1 (p = 0.007). When the noise sound pressure and sharpness changed, SYS and RES performance of the participants did not significantly change. As shown in Figure 4f, the mean SampEn of HRV under N7S-S2 was significantly lower than that under N85-S1 (p = 0.026) and N80-S1 (p = 0.001). The mean SampEn of HRV was overall high under N80-S1.



As shown in Figure 5, the best PVT performance was found under N80-S1, which was significantly better than that under N75-S2 (p = 0.026). Moreover, both the response time and fastest 10% response time under N80-S1 were significantly lower than those under N75-S2. Figure 5d also shows that the slowest 10% response time under N80-S1 was relatively lower than that under N85-S1 (p = 0.092).




3.2. Effects of Mental Workload


Figure 6 presents the NASA-TLX scale scores, MATB task performance, and mean SampEn of HRV at different mental workloads. As can be seen from Figure 6a, with the increase in difficulty of the MATB task, the subjective mental load of subjects significantly increased, confirming that the workload design of the MATB tests was effective. As shown in Figure 6, the best performance of the overall task and three subtasks was found for MMW, whereas the worst performance was found for HMW. Both the overall performance and performance of the three subtasks had inverted U-shaped relationships with elevated mental workload, which was consistent with the findings of Zhang et al. [21] and Rueb et al. [30]. The lack of vigilance at LMW may have resulted in delayed responses. However, the demand for participant attention resources increased for HMW, which would not only delay response times, but also reduce task accuracy [31]. There was no significant difference in the mean SampEn of HRV among participants during the MATB task at different mental workloads, although the mean SampEn of HRV was slightly lower for MMW (Figure 6f).




3.3. Interactive Effects on Task Performance


Figure 7 shows the interactive effects of noise and mental workload on MATB task performance. Noise had no significant impact on the overall performance and RES performance at different mental workloads (Figure 7a,d). However, noise had a significant impact on SYS performance at LMW and MMW (Figure 7b). The impact of noise on SYS performance was opposite for the LMW and MMW. At LMW, SYS performance was significantly higher under N75-S2 than that under N85-S1 (p = 0.019). In contrast, SYS performance was relatively lower under N75-S2 than that under N85-S1 (p = 0.099) and N80-S1 (p = 0.066) at MMW. As shown in Figure 7c, TRA performance was significantly higher under N85-S1 than that under N80-S1 (p = 0.028) and N75-S2 (p = 0.008).





4. Discussion


The main purpose of this study was to explore the effects of noise exposure and mental workload on task and vigilance performance. The results indicated that increased noise sharpness had a detrimental effect on performance of the TRA subtask. In addition, higher sound pressure level and sharpness could impair human vigilance, as indicated by the lower mean sample entropy of HRV and worse PVT metrics. Therefore, a reduction in noise sharpness was also important for improving performance during task execution.



Changes in noise exposure conditions may affect the subjective mental workload. Shkembi et al. [32] evaluated five occupational noise indicators of open-pit miners in the United States Midwest with 15 subjects. The results showed that the risk of mental workload increased from a sound pressure level of 80 dB(A). It was suggested that noise exposure at high sound pressure levels could be an independent risk factor for a high mental workload. In addition, Golmohammadi et al. [33] investigated mental load and cognitive ability under five noise conditions: a quiet environment (54 ± 0.3 dB(A)), closed office (64 ± 0.4 dB(A),), open office (68 ± 0.8 dB(A)), control room (73 ± 0.3 dB(A)), and industrial place (80 ± 0.1 dB(A)). By testing 31 subjects on their cognitive performance and NASA-TLX scale scores under different noise conditions, they found that the higher the sound pressure level, the greater the perception of mental workload level. In our study, we did not find any significant effect of sound pressure level on subjective mental workload. However, the subjective mental workload was slightly increased with higher noise sharpness.



The impact of noise on task performance remains controversial [34]. William et al. [35] collected the performance indicators of 192 subjects under two noise conditions (95 dB(A) intermittent aircraft noise vs. quiet), and the results confirmed that performance under the noise condition was better than that of the quiet condition. However, Golmohammadi et al. [33] showed that an increase in sound pressure level led to increases in errors in job performance. In our study, different noise exposure conditions had no significant impact on overall MATB task performance. However, it was found that TRA performance was significantly lower under N75-S2 than under N85-S1. The difference in the results of noise effects on task performance may be related to task difficulty. TRA is a subtask with the least cognitive challenge in MATB [20], which is more likely to be affected by deteriorating noise exposure. Meanwhile, participants may be more distractable during task processing at low workload demands [36]. At this time, an increase in noise sharpness may lead to narrowed attention of the subjects, causing them to ignore the lower difficulty TRA subtask and focus on the more complex SYS subtask [8]. This suggests that an increase in noise sharpness could narrow attentional focus, inducing participants to concentrate on the more complex tasks.



In an experimental study conducted by Elmenhorst et al. [37], 112 participants were exposed to aircraft noise for nine consecutive nights in a laboratory, while 64 participants were tested in an airport for nine consecutive nights. The experimental results showed that the sound pressure level could increase the PVT response time of operators in both the laboratory and airport. Our results also confirmed that severe noise exposure could impair human vigilance, which was manifested in worse PVT performance and longer response times. The higher the mean SampEn value, the more complex the time-series HRV signal, indicating that the sympathetic nerve system and parasympathetic nerve system have stronger mutual regulation and better adaptability to changes in the external environment [38]. Therefore, higher mean SampEn of HRV typically reflects better human vigilance [15]. In this study, although the mean SampEn of HRV did not significantly change with an elevated sound pressure level, it significantly decreased with an increase in noise sharpness. In sum, our results indicated that an increase in either sound pressure level or noise sharpness would adversely affect human vigilance.



There are several limitations to this study, which are listed as follows: (1) This study only focused on the mean SampEn of HRV as an indicator of vigilance. Other physiological indicators, such as respiration, cortisol, blood pressure, electroencephalogram, and electromyogram, should also be considered in future studies. (2) In this study, only noise sharpness was used as an indicator of sound quality. More sound quality parameters are suggested to be evaluated in future works, such as loudness, roughness, and psychoacoustic annoyance. (3) The sample size was relatively small and the subjects were limited to healthy college-age male students, indicating that the statistical results could be under-powered. Therefore, the statistical differences with modestly higher p-values (<0.1) are also worthy of attention. A larger and mixed sample population is needed to further extend our findings.




5. Conclusions


In this study, twelve healthy college-age male subjects were recruited to perform MATB tasks with three mental workloads and PVT tests under three noise exposure conditions. The overall MATB task performance showed an inverted U-shaped trend with increased mental workload. Although noise exposure had no significant effect on overall task performance, higher noise sharpness could lead to significantly reduced TRA performance. An increase in noise sharpness also narrowed the subjects’ attention to the more complex SYS subtask. In addition, higher sound pressure level and noise sharpness were both detrimental to human vigilance performance, as indicated by lower mean SampEn of HRV and decreased PVT performance. These results indicate that an increase in noise sharpness could lead to adverse effects on human work performance during operational task execution. Therefore, noise control design of workplaces should not only lower sound pressure levels, but also consider reductions in noise sharpness.
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Figure 1. User interface of the MATB (1: SYS, 2: TRA, 3: RES). 
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Figure 2. Schematic diagram of the experimental set-up. 
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Figure 3. Flowchart of the formal experimental procedure. 
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Figure 4. Boxplots of (a) NASA-TLX score, (b–e) weighted task performance, and (f) mean SampEn of HRV under the three noise exposure conditions (* p < 0.05; ** p < 0.01). 
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Figure 5. Boxplots of PVT metrics under the three noise exposure conditions. (a) PVT performance. (b) Response time. (c) Fastest 10% response time. (d) Slowest 10% response time (# p < 0.1; * p < 0.05; ** p < 0.01). 
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Figure 6. Boxplots of (a) NASA-TLX score, (b–e) weighted task performance, and (f) mean SampEn of HRV at the three mental workloads (* p < 0.05; ** p < 0.01). 
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Figure 7. Boxplots of the interactive effects of noise condition and mental workload on MATB task performance. (a) Overall performance. (b) SYS performance. (c) TRA performance. (d) RES performance (# p < 0.1; ** p < 0.01). 
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Table 1. Description of the MATB subtasks.
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	Subtask
	Area
	Instruction





	SYS
	1
	Monitor the scales of F1–F4 and click the corresponding scale with the mouse when the dynamic targets touch the upper or lower three bars of any scale.



	TRA
	2
	Keep the target at the grid center by joystick in MANUAL mode and no action is required in AUTO mode.



	RES
	3
	Monitor the status of pumps numbered 1–8 and click the corresponding pump with the mouse when a failure occurs.
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Table 2. Description of PVT performance metrics.
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	PVT Metrics
	Description





	PVT performance (-s)
	The ratio of accuracy to average response times.



	Response time (ms)
	The average response times for all trials.



	Fastest 10% response time (ms)
	The fastest 10% response times for all trials.



	Slowest 10% response time (ms)
	The slowest 10% reciprocal response times for all trials.
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Table 3. Measured environmental parameters under different experimental conditions.
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	Environmental Parameters
	N85-S1
	N80-S1
	N75-S2





	LAeq (dB(A))
	84.2 ± 0.8
	78.3 ± 0.7
	75.0 ± 0.8



	Noise sharpness (acum)
	1.28 ± 0.03
	1.30 ± 0.03
	2.42 ± 0.04



	Air temperature (°C)
	20.9 ± 0.6
	21.0 ± 0.6
	21.1 ± 0.6



	Relative humidity (%)
	26.5 ± 8.1
	29.0 ± 7.5
	24.7 ± 5.6



	Air velocity (m/s)
	0.12 ± 0.01
	0.13 ± 0.01
	0.12 ± 0.01



	Black globe temperature (°C)
	21.1 ± 0.6
	21.2 ± 0.6
	21.3 ± 0.5
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-12-11376


  
    		
      applsci-12-11376
    


  




  





media/file8.jpg
=0t p=0oi0r

e
o

T H

.
4|

3

NesST oSt Nss NSt oSt NS
@

18 x

2

M..mmm
]
H

X 00 - == 1 =
- ol = E T
|
- l
) T e

© @





media/file11.png
p<0.01*

=0.02"
|
|

|
HMW

|
MMW

Q
7 _ =
— == BoF----- 1 =
—
s = = T 3§ =
— o e = - =
(s.) @douewoyIad [[eI9AQ
| | =
— —f-1 & F--- ==
T
=
S
\%
x | =
S =
| S |2
v =
~x
S
S
V
],
SRIEERE
e - - s - M
—
| | |
S 7 =

X1 ,_l-<1m<2 JO 9100S PBOIOM [BIUAW [[BIDAQ)

S S S
(s.) @ourwioyrad SAS

=
- M
an
Y S
= v
& 2,
El %
e S =
g1 S| |- o |- E
) I
- |« =
= 2
@ -
5 S
> I
@) Q,
S =
I e S e . ||||||| |M
]
" = - >
— — ) )
(s.) @douewioyrd V1.
=
e
i} ==
)
"
e O
= I
2 %l
S =
X |2
SRR >
5
<
Z
<
* =
— - [ fromimsi ==
]
- E - s =
o e

LMW

S =
(s.) dourwioyrad SHY

..... " * 1
Q
O
-
:
=
S --- . --- -
O
=
Q
Q.
<
4
T
~~
)
-
||||||| . - - - —
| | |
S % S
— o -
ugdweg ueon
%
S
S
om Y
S x|~
1R
0 S - - - - —
R
Q ¥
Q.
9p)
-
op)
—~~
3]
-
I [ ———— . ||||||| -
| | | |
S} %0 o < o S
— o =) )

MMW HMW

LMW

HMW

MMW

(f) Mean SampEn of HRV

(e) RES performance





media/file6.jpg
RES prfemance (3)
)

3

ONASA T [r—
s - | zuf T .
— I I |& 1 T =
(@S¥Sprtomance @A prormance
R — R






media/file1.png
SYSTEM MONITORING TRACKING SCHEDULING

l

HEER __NEER

SHEEN ___ BEN

| iy &=
C me T
| Elapsed Time
F2 F3 F4 AUTO ON 00:00:03
COMMUNICATIONS RESOURCE MANAGEMENT PUMP STATUS

Call Sign | NASAS04

FLOW RATES
1 0
D NAV1 112 500
2 0
D NAV2 112 500 3 0
4 0
COM1 126 500 5 o
- 6 0
O com2 126 .500
7 0
8 0






media/file13.png
= = =
&~ (@) co

Overall performance ('s)

=
&

0.0

TRA performance (s)
©S © o o = = =
ro A~ @) o o o e

S
o

| N&5-S1
| N80-S1
| N75-S2
LMW MMW HMW
(a)
| N85-S1
[ IN80-SI
=(0.008** ¥
,[D s | | N75-S2
p =0.028%*
| | |
LMW MMW HMW

(c)

0.8

-
o)

SYS performance (°s)
o
T

g
b

0.0

= S S
EN o o0

RES performance ('s)

=
b

0.0

p=0.019%*

- p = 0.099"

| |
p =0.066"

N85-S1

‘l_
[ IN8o-SI
—

N75-S2

LMW MMW

(b)

HMW

LMW MMW

(d)

HMW





media/file10.jpg
SYS performance ()

RES porforman ().

(a) NASA-TLX score: "
ons
- =T o
T E é
() SYS performance (@) TRA performance "

= ] - - |

(€ RES performance (6 Mean SampEn of HRV






media/file7.png
100

50

Overall mental workload score of NASA-TLX

0.8

0.6

0.4

SYS performance ('s)

0.2

0.0

o o o
LN (@) oo

RES performance ('s)

G
b

0.0

_9'5_0_/0
L 75% 10k
= |Mean
Median
. 25% 208 |
5% — —
= —_ - S | : —
- . - c . I I
' ' : < . 1 ]
. : : £ 0.6 |
. qg - = -
. - - 8. - :
. S04 : i :
v . ) —— = R -
LJ ' ] >
: : — =
- 02 |
1 1 1 0.0 | | |
N85-S1 N80-S1 N75-S2 N8&85-S1 N8&80-S1 N75-S2
(a) NASA-TLX score (b) Overall performance
1.5
p=0.007**
_ — = S s
: | : 3 . : _
I ! ! L | I
| ! I < . |
. ' = L !
= .
| r e | .
i B : 5 05t i E 5
1 —— = : : |
| | | 0.0 1 | 1
N8&5-S1 N&O0-S1 N75-S2 N&5-S1 N&80-S1 N75-S2
(¢) SYS performance (d) TRA performance
»=0.026*
1o | p=0.001%* |
a : ' c s ;
84 ! !
o | B
u =} || e :
(2 0.5 F = :
r T T o | :
: : l S
R - ; 2 ! [ |
0.0 — S
l ] I l l ]
N85-S1 N80-S1 N75-S2 N85-S1 N80-S1 N75-82
(e) RES performance (f) Mean SampEn of HRV






media/file12.jpg





media/file9.png
(9]
7p
I L 44 . 4
~
* Z
*
O
4
=
O
I
]
_ z
—_ . —-— O —— —
_ o ~~
A &
- ++
()
(o))
=
)
I
S
1
L ] — 5 R [} —
o |
&
1 | 1 1 | | | | | |
o = S = - = ] = - - o - o =2
- W - v ) v ] A ) v - A - v
<t [ag' o (@} ~ \O \O v v <t <t o N (@)
(sw) awry asuodsay (sw) awr asuodsar o4,() [ 1SOMO[S
9
3
— Reseaeaed . . = 5 — B —
~
< %
* *
\O ¥y
(@] —
— >
- O
I [
S ]
%
B I S 4= - 4
2 ~~
ZNG
-
—_—— . ||||| -1 v L] —
o0
Z
| | | | | | | 1
U} o v - o ] o - o ja]
3 e o & “ & S S & a
(s.) eourwiojrad [ Ad (swr) owry asuodsar o) [ 1sAISBY

N75-S2

N80-S1

(d)

N8&5-S1

N75-S2

N80-S1

(c)

N85-S1





media/file5.png
Noise environment

__ Preparation (20 min)

l

Acoustic & - -
Thermal Adaption | Wear EEG and ECG measuring devices |
(40 min) 0 min 40

(25min) 40 4548 5558 60 65

Resting Test
(EEG (% ECG) NASA-TLX
warm e [, RN e [N [ B [
(75 min) 65 70 | 80 4 9 99 4 111 118 4130 140
Eye movement EEG & ECG & EOG
preparation
Cognitive Test 2 | Not analyzed |
(50 min)
l 140 190

— Recovery (20 min)





media/file3.png
Sound
Level Meter

¢ £
HS6020
INV3018CT E






media/file4.jpg
—— Preparation (20 min)

Acoustic &
Thermal Adaption ‘Wear EEG and ECG measuring devices
@omin)  0min )
@Smim) 49 45 ag 60 65
Resiing Test .
oL EC) NASATLX
MATB Test a Rest Rest
OSmin) 50 92 % N 184130 140
Eye movement FEG & ECG & FOG
preparation
Cognitive Test2 Not analyzed
(50 min)
10 19

L Recovery 20 min)





media/file0.jpg





media/file2.jpg





